Fanconi anaemia (FA) is a rare genetic syndrome of cancer susceptibility characterized by spontaneous and induced chromosome fragility, especially after treatment with crosslinking agents. Recent investigations showed interactions between FA proteins and chromatin remodelling factors. To investigate a potential uneven distribution of the FA pathway through the human genome depending on chromatin conformation, we have analysed chromosome breakage in the largest constitutively heterochromatic region in the human genome, the 1q12 band, in lymphocytes from FA patients, carriers and healthy controls after treatment with the cross-linking agents mitomycin-C (MMC) and diepoxybutane (DEB). As expected, a higher level of MMC-induced cytotoxicity and chromosome breakage was observed in cells from FA patients when compared with normal controls and carriers. However, the increase in 1q12 breakage after increasing concentrations of MMC was of a similar magnitude in FA patients, carriers and controls. Similarly, DEB induced a high level of overall genome chromosome fragility in cells from FA patients when compared with controls with no parallel increase in chromosome breaks specifically involving the heterochromatic band 1q12. We therefore conclude that, unlike the overall genome, the sensitivity of chromosome 1 constitutive heterochromatin to the chromosome breaking activity of cross-linking agents is independent of a functional FA pathway, indicating that the action of the FA pathway is unevenly distributed through the human genome.
Introduction
Fanconi anaemia (FA) is an autosomal recessive disease characterized by increased spontaneous and induced chromosome instability, a diverse assortment of congenital malformations, progressive pancytopenia and cancer susceptibility, especially acute myelogenous leukaemia but also solid tumours. The genetics of FA is highly heterogeneous with at least eight differAbbreviations: Cyt-B, cytochalasin-B; DEB, diepoxybutane; FA, Fanconi anaemia; MMC, mitomycin-C; MN, micronuclei; TL-FISH, tandem labelling fluorescence in situ hybridization.
ent genes involved (FANCA, B, C, D1, D2, E, F and G), all of them, but FANCB and FANCD1, cloned and characterized (reviewed ref. 1) . Most of the FA proteins (A, C, E, F and G) assemble in a nuclear complex that is required for the activation, via monoubiquitination, of FANCD2. Activated FANCD2 interacts with the breast cancer susceptibility protein BRCA1 in mutagen-induced nuclear foci (2) . Thus, all known FA proteins participate in the same cellular pathway, which is involved in the cellular response to DNA cross-linking agents such as mitomycin-C (MMC) or diepoxybutane (DEB). In addition, the FA pathway participates in a number of cytoplasmic and nuclear functions such as redox regulation, cell cycle, apoptosis and DNA repair (1) (2) (3) (4) . To this list, we have recently added a severe telomere dysfunction in FA, leading to short and hyperbreakable telomeres and chromosome end-fusions (5).
Chromatin structure is known to play a major role in the processing of DNA lesions by several DNA repair mechanisms. This is well documented for UV light and ionizing radiation but little is known about the role of chromatin conformation on the repair of DNA cross-links. The major pathway involved in the processing of DNA cross-links is the FA pathway, and recent experimental evidence has uncovered a molecular cross talk between FA proteins and chromatin remodelling factors including a subunit of the SWI/SNF complex (6), histone acetyltransferases (7) and FAZF (8) . In addition, FA proteins are excluded from condensed mitotic chromosomes (9) and FANCD2 interacts with BRCA1 that in turn is involved in transcriptional control through modulation of chromatin structure (10) .
These findings would implicate that the action of the FA proteins is modulated by chromatin remodelling and transcriptional factors. Chromatin structure and transcriptional activity are known to be unevenly distributed between and within human chromosomes and therefore we have hypothesized that the action of the FA pathway could be nonhomogeneously distributed through the human genome. In order to study the processivity of DNA lesions by the FA pathway in a heterochromatic region and to study a potential uneven chromosomal distribution of the FA pathway, we have analysed MMC-and DEB-induced breakage in the heterochromatic chromosome band 1q12 in comparison with the overall genome in lymphocytes from FA patients, carriers and controls. The 1q12 band is the largest constitutively heterochromatic region in the human genome, and is formed by hypermethylated DNA associated with underacetylated histones in a highly condensed chromatin conformation. 1q12 breakage was detected by multicolour tandem labelling fluorescence in situ hybridization (TL-FISH) (11, 12) .
Materials and methods

Individuals
Blood samples were obtained from seven FA patients, four FA carriers (parents of four of the FA patients) and seven healthy controls. Samples from the FA patients and their unaffected parents were obtained during routine clinic visits with informed consent. For technical reasons, the complementation group is not known for all patients but at least the four FA patients tested for MMC response belong to the complementation group A (data not shown). Control blood samples were kindly provided by healthy volunteers. This study was approved by the University Ethics Committee on Human Research.
Cell culturing and treatments
Five millilitre cultures were set up following standard blood cell culturing procedures as we described previously (13) . Twenty-four hours after the initiation of the cultures, lymphocyte samples from four FA patients, four carriers and three healthy controls were concurrently treated with increasing concentrations of MMC (0, 0.01, 0.05 and 0.1 µg/ml). Some of the cultures were subsequently incubated for 22 h, treated with colcemid for 2 h and fixed following standard cytogenetic methods (total culture time 48 h). Microscope slides were prepared and kept at -20°C until TL-FISH. Replicate cultures were incubated 48 h after MMC treatment (72 h in total) and received the cytokinesis blocking agent cytochalasin-B (Cyt-B) (6 µg/ml; Sigma, St Louis, MO) at 44 h after the initiation of the cultures (14, 15) . Cells were then harvested with no addition of colcemid to get cytokinesis-blocked binucleated interphase cells with well-preserved cytoplasm, as described previously (16) . Three FA blood samples and four control samples received DEB (0 and 0.1 µg/ml; Sigma) at the beginning of the culture and were harvested at 72 h after 1 h of colchicine (Sigma) treatment. Metaphase spreads were prepared following standard cytogenetic procedures.
Cell-cycle kinetics
Cell-cycle delay after increasing concentrations of MMC was analysed in Cyt-B-exposed cultures by measuring the relative frequencies of undivided lymphocytes (mononucleated), lymphocytes divided once (binucleated) and lymphocytes divided more than once (multinucleated). A total number of 200 cells with well-preserved cytoplasm were counted per sample and classified according to the number of nuclei. The final value for each MMC concentration was expressed in a proliferation index as a percentage relative to the untreated culture.
Tandem labelling multicolour FISH
Chromosome breakage at the band 1q12 was analysed by tandem labelling multicolour FISH (11, 12) as described in detail elsewhere (16, 17) , with the only difference that the chromosome 1 centromeric-specific α-satellite probe was generated and biotin-labelled by PCR (18) . The 1q12 band is adjacent to the chromosome 1 centromeric DNA. Therefore, cells with a 1q12 signal nonadjacent to a chromosome 1 centromeric signal were interpreted as cells carrying a break in the 1q12 band (12) . The suitability of this methodology to detect mutagen-induced 1q12 breakage has been proven elsewhere (11, 12, 16, 19, 20) . Three MMC concentrations (0, 0.01 and 0.05 µg/ml) and two DEB concentrations (0 and 0.1 µg/ml) were evaluated for 1q12 fragility.
Overall genome chromosome fragility
The frequency of micronuclei (MN) was measured as marker of overall genome chromosome breaking activity of MMC, as the number of metaphases were very low in FA samples after MMC treatment. In most cases, a total of 1000 binucleated cells in Cyt-B-exposed cultures were analysed, per treatment point and donor, for the presence of MN in Giemsa-stained slides. Replicated 
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slides from the cultures treated with 0 and 0.1 µg/ml DEB were analysed for chromosome aberrations in Wrigth/Giemsa-stained slides. The average number of breaks per cell was obtained by analysing the presence of structural chromosomal aberrations, including chromosome and chromatid breaks, fragments, dicentrics, rings and radials, in 25 metaphases per concentration and sample.
Statistics
The effect of MMC and DEB on the different end-points was measured by the unpaired Student's t-test for independent variables. Figure 1 show the results on MMC-induced cellcycle delay in four FA patients, four carriers and three normal controls. In this study we have used a novel approach to measure MMC-induced cell-cycle delay in FA lymphocyte cultures. It is based on the analysis of the average number of cell divisions undergone under increasing concentrations of MMC. This was achieved by blocking cytokinesis with Cyt-B so that those cells divided once are easily recognized by their binucleated appearance after cytokinesis blockage, whereas undivided cells and cells divided twice appear mononucleated and multinucleated, respectively. As expected, no differences in sensitivity to MMC were observed between controls and carriers, whereas a much higher sensitivity to MMC was obtained in cells from FA patients. The MMC concentration required to reduce by 50% the cell proliferation in controls and carriers was~6-fold higher than in FA patients.
Results
Table I and
The same slides were used to measure MMC-induced overall genome chromosome breakage by using the MN assay. The data are summarized in Table I and graphically represented in Figure 2a . As expected, MMC induced a much higher frequency of MN in FA samples when compared with controls and carriers, highlighting the well-known chromosome hypersensitivity to MMC in FA cells. Concurrently grown cultures from the same individuals were tested for 1q12 chromosome fragility by TL-FISH. TL-FISH gives a nuclear pattern consisting of two adjacent red (1q12) and green (1cen) signals (two double signals). A break in 1q12 results in three red 1q12 signals, one of them non-adjacent to the centromeric 1cen signals. Results on 1q12 fragility are detailed in Table I and summarized in Figure 2b . A statistically significant increase (P Ͻ 0.001) in the frequency of 1q12 breaks by increasing concentrations of MMC was observed in FA patients, carriers and controls. At both MMC concentrations tested (0.01 and 0.05 µg/ml), we observed a similar increase in the frequency of 1q12 breaks in FA patients, carriers and normal controls, when compared with untreated cultures. It is therefore concluded that the sensitivity of the heterochromatic band 1q12 to the chromosome breaking activity of MMC is independent of the FA genotype.
To check whether this effect extends to other crosslinking agents, we next analysed three FA patients and four controls for overall genome and 1q12 hypersensitivity to DEB. Results are shown in Table II . As expected, both spontaneous and DEB-induced overall genome chromosome fragility were statistically higher in FA patients when compared with controls (P Ͻ 0.001). The spontaneous level of breaks per cell was 0.31Ϯ0.23 in FA and 0.01Ϯ0.02 in controls. DEB (0.1 µg/ml) induced no chromosome breaks in control cells whereas Ͼ6.61Ϯ3.74 breaks per cell were obtained in FA at the same DEB concentration. Thus, DEB induced a 21-fold increase in overall chromosome breakage in FA but no increase in control samples. Thus, and as expected, the overall genome in FA cells is much more sensitive than control cells to the chromosome breaking activity of DEB. Replicated slides from the same cultures were tested for spontaneous and DEB induced breaks specifically involving the heterochromatic region 1q12 by TL-FISH. Results are shown in Table II . In spite of the 21-fold increase in overall chromosome fragility observed in FA cells after DEB treatment, no parallel increase in 1q12 breakage was detected in the same patients in the presence of DEB (P Ͼ 0.05). In conclusion, and resembling the MMC data, while the overall genome in FA cells is hypersensitive to DEB, the 1q12 heterochromatic band is not.
Discussion
The 1q12 heterochromatic band resulted to be equally sensitive to the chromosome breaking activity of cross-linking agents in lymphocytes from FA patients, carriers and controls, in spite of the obvious overall cellular and chromosomal hyper- Table I . MMC-induced 1q12 fragility and cell-cycle delay in peripheral blood cells from FA patients (-/-), carriers (ϩ/-) and controls (ϩ/ϩ) 
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sensitivity of FA cells to MMC and DEB observed in replicated slides from the same blood samples. This result indicates that the sensitivity of this highly condensed chromosomal domain to cross-linking agents is independent of a functional FA pathway and therefore that the action of the FA proteins is unevenly distributed through the human genome. There are increasingly evident connections between the FA pathway and chromatin remodelling and transcriptional activity: (i) the key player in the FA pathway, FANCD2, interacts with BRCA1 (2), a protein involved in DSB repair by homologous recombination (the DSB repair pathway has been recently reviewed in ref. 21) . BRCA1 is also involved in transcriptional control through modulation of chromatin structure (10) and is essential for transcription-coupled repair of oxidative damage (22) such as 8-oxoguanine (23) . Interestingly, the response to oxidative stress is highly impaired in FA resulting in a high level of 8-oxoguanine (24) . (ii) FA proteins interact with a number of chromatin modifier factors such as BRG1, as a subunit of the SWI/SNF complex (6) and histone acetyltransferases, as evidenced in the yeast two-hybrid system (7); (iii) FANCC may be linked to a transcriptional repression pathway involved in chromatin remodelling through interaction with FAZF (8); and (iv) the FA proteins bind to chromatin and nuclear matrix but are excluded from condensed mitotic chromosomes (9) . Thus, an interesting cross talk between the FA gene products, DSB repair proteins and transcription and chromatin modifying factors is coming into the light. Although our results cannot be directly extrapolated to all heterochromatic regions, this molecular cross-talk probably explains the results obtained in the present investigation as 1q12 is the largest heterochromatic and transcriptionally silent domain in the human genome. In a previous study we reported a low level of DNA excision repair in the same heterochromatic band (16) that was well explained by the transcription-coupled DNA nucleotide excision repair. Other DNA repair mechanisms are also coupled to transcription and are modulated by chromatin remodelling factors (25, 26) . Transcription takes place in the same substrate as repair, replication and recombination and it is therefore not surprising that these processes are physically and functionally connected (27) . Further experiments will probably unravel whether this is also the case in the FA pathway. Summing up, we provide molecular cytogenetic evidence that the sensitivity of human chromosome heterochromatic band 1q12 to cross-linking agents is independent of a functional FA pathway suggesting that the action of the FA proteins is unevenly distributed through the human genome. Further studies are needed to uncover a modulating role of chromatin conformation and transcriptional activity in the FA pathway as a potential explanation to our results.
